The shape memory alloy NiTi has successfully proved in many areas of medical technology. This paper describes the innovative idea and development of orbital floor implants made of NiTi. Pseudoelastic NiTi has the peculiarity to withstand large mechanical deformations of up to 8% without being plastically deformed, i.e. it returns to its original shape with relief of the strain. This material property can be used to produce flexible, yet stable implants. The NiTi implants can be implanted into the body in compressed form through relatively small approaches. Arriving at the fracture position, they develop self-reliantly in the previously memorized shape. The perioperative trauma is reduced. The treatment of orbital floor fractures is often done surgically by use of implants made of rigid materials such as titanium, which are inserted in the eye socket through an open approach on the lower eyelid. Implants made of a pseudoelastic shape memory alloys can help to reduce the required incision length of the approach. It is even possible to insert the implant in a minimally invasive procedure via endoscopic access routes and to completely avoid open approach. In this paper first design variants of pseudoelastic orbital floor implants are presented and considerations on the manufacturing process are made.
Introduction
Fractures of the orbit are mostly caused by blunt trauma to the eye, for example, in traffic, work and sports accidents. A special case of orbital fractures represent the isolated orbital floor fractures (blow-out fractures), where only the bottom wall of the orbit is broken. The orbital floor is a relatively thin bony structure. It delimits the orbit of the underlying maxillary sinus [1] (Fig. 1) . A fracture of the orbital floor can lead to irruption into the antrum. Soft tissue sinks in the fracture gap and muscles or nerves can be trapped between the bone splinters. The consequences of orbital floor fractures can be, for example, diplopia, movement and nervous disorders and visual limitations [2, 3] . Surgical treatment of orbital fractures has to take place promptly, often with the aid of implants. The implants are used to reconstruct the bony structure of the eye socket. They are supposed to support the defect bone, keep the eyeball in place and allow the attachment of new tissue cells. The implants are usually inserted into the patient by large open accesses, where a lot of soft tissue must be cut (Fig. 2 ). This is due to the material properties of the commonly used implant material titanium [4] . The used titanium meshes are stiff and inflexible. When placing an access to the defective orbit, a skin incision of at least 3 cm length is created. The incision runs either subciliary [5] or transconjunctivally [6, 7] . To protect the eyeball and the soft tissue in the orbit, the tissue is displaced upward, before the implant is inserted after preparation of the bony supporting surface. The fixation of the implant is often done via a screw on the bony orbital rim. The more soft tissue must be cut during the operation, the greater is the risk of violating critical structures such as nerves, tear ducts or vessels. Furthermore the lower eyelid is at risk due to the incision. The damage can cause eyelid dysfunctions and unfavorable scarring.
Orbital floor implants made of NiTi can help to reduce the risks and complications of orbital reconstructions by reducing the perioperative trauma. Components made of pseudoelastic NiTi can be relatively highly deformed and take back their original form with relief of strain. The implants should be guided in a compact shape through more gently approaches to the fracture location, where they unfold in the final form on their own. A more gently access using the conventional incision on the lower eyelid can be made possible by a reduced incision length. An alternative to this method of operation is the treatment of orbital floor fractures from the side of the maxillary sinus. The access to the maxillary sinus can be minimally invasively realized through the nasal passages (transnasal) or through the oral vestibule (transantral). Transnasal and transantral approaches are already being used to examine the antrum.
In summary, the following objects can be achieved by using implants made of shape memory alloy:
shorter convalescence and hospitalization times reduction of perioperative trauma diminution of the risk of injury to the eyeball and other risk structures avoid necessary follow-up operations no visible scars due to alternative access routes and reduced risk of eyelid malpositions due to smaller open access
Requirements for the implants
Basically a material inserted in the human body must be biocompatible because of its direct contact to biological tissue. The implants may be neither toxic nor carcinogenic and do not trigger allergic reactions. Care is also taken that implants show a good corrosion resistance and that they can be sterilized trouble-free. Specific requirements for orbital floor implants exist in shape and positional stability. The bony orbit is a complex anatomical structure. A good fit is necessary in order to enable a firm and stable seat of the implants. Since there are sensitive, easily vulnerable structures in the eye socket, the implants may also not have any sharp corners or edges. Moreover, they must also possess sufficient large perforation holes so that existing wound fluid can drain out of the eye socket. It is assumed that the implant completely covers the fracture and is fixed in a stable position. Since the shape memory implants are inserted in compressed form through smaller accesses, a high flexibility and a high potential of compressibility are required. Simultaneously, a sufficient stability is provided, so that the implant can carry the contents of the orbit without a loss of shape. Since the implant rests -depending on the access method -either on the orbital floor or on the roof of the maxillary sinus, various attachment options must be thought through. Two possibilities would be the fixation via bone screws and the automatic tensioning of the geometry on the surrounding bone. Special requirements also exist with regard to the unfolding mechanisms. When placing through the eyelid incision, the implant is in direct contact with the soft tissues in the eye socket. The unfolding must occur deliberated and slowly to prevent damage to the tissue. The unfolding in the antrum, however, is less problematic. The cavity offers enough space to ensure a free unfolding of the implant.
Material
Shape memory alloys (SMA) are functional materials with special properties. Shape memory describes the peculiarity of a material to be able to remember a previously memorized shape. The basis for this extraordinary property is a crystallographic reversible phase transformation in the material. Shape memory alloys may show different effects. For the orbital floor implants the property of pseudoelasticity is used. Pseudoelasticity is based on the mechanical memory of the material. Even after large strains and deformations of up to 8 %, the material is able to assume its original shape when the strain is withdrawn. The maximum reversible deformation is thus many times higher than that of ordinary metals (≤ 1%).
Shape memory alloys are used in a wide variety of research areas. Pseudoelastic shape memory alloys are often used in medical applications. The most famous product -NiTi stents - can be found in vascular surgery. A stent of shape memory material is pushed in a compressed form via a catheter to the vessel constriction. At the destination, it takes its final form i.e. it widens by itself, presses against the vascular wall and eliminates the vasoconstriction. More shape memory applications in medical technology are, for example, orthodontic NiTi arch wires, minimally invasive surgical instruments and occluders for cardiac defects [8, 9] .
The biocompatibility of NiTi is doubted in some cases because of the relatively high nickel concentration. Nickel is the world's most common contact allergen. (The NiTi sheets used for the orbital floor implants have a nickel content between 54.4 wt.-% and 57.0 wt.-% according to ASTM F 2063.) Several studies have shown that the amount of nickel released into the body is very low [10] [11] [12] . The titanium of the NiTi alloy reacts with the oxygen of the air and forms a protective oxide layer. The biocompatibility of the material and the implants made of it is good. For an additional safety precaution, medical products from NiTi can be coated with bioactive substances, so that the biocompatibility amends and even the growth behavior of the bone to the implant improves.
Design variants
The implants must have a compressible geometry. The surgical access is critical to the type of compression of the implants. If the conventional path through the incision on the lower eyelid is chosen, the objective is to reduce the cutting length. For that, the implants must be reducible in width without increasing in height. One potential solution is the construction of implant grids, which can be pushed flatly together. For the minimal invasive insertion a different attempt has to be chosen. The transnasal or transantral approaches are placed endoscopic so that the implants are inserted through a small tube into the maxillary sinus. The insertion of implants into a round tube is conceivable most likely in rolled condition. Other compression and folding mechanisms could function according to the principles of a fan or umbrella. The technical implementation of these mechanisms would be difficult, so that they are not considered in detail at this point.
Regardless of how the implants are compressed, there are two basic solutions for the design: implant grids, made of shape-memory sheets and implants based on shape memory wires. Shape memory wires have the advantage that they are more flexible and less material is needed for the manufacture of the implants. The wire implants have a significantly lower stability compared to the implant grids. Problematic are the wire ends. These need to be well connected, as they represent a risk of injury when inserting the implants. An example of one of the manufactured wire pattern is shown in Fig. 3 . For the grid variants there are different geometric designs, visible in Fig. 4 . The left and the middle patterns are inspired by the geometry of pseudoelastic NiTi stents. A compression by pushing the grid together is provided for them, i.e. they are suitable for the conventional surgical procedure. The right geometry is intended for minimally invasive insertion.
Manufacturing process
Computed tomography (CT) recordings of eye sockets are the basis for the implants. The patient-specific geometry of the implant can be derived from the CT data, whilst a surface model or three-dimensional model of the implant is created (Fig. 5 ). This proceeding is already being practiced in the production of conventional, rigid implants [13] , where the implants are made directly by stereolithography using the geometric model derived from a virtual image. The time spent in preparing individual implants is significantly higher compared to ready-made, patient non-specific implants, because the deduction of the implant geometry of the patient CT data and the individual production is not necessary for the non-specific implants. The significant advantage of patientspecific implants is their exact form-fitting and the good positional stability. The implant can be inserted directly during surgery. An additional forming or cutting to size by the surgeon to adapt a prefabricated implant to the patient's anatomy is unnecessary. Thus, the operation time is shorter, whereby the patient is spared.
The production of a NiTi implant from a model is more difficult because it cannot be made directly by prototyping processes. Semi-manufactured NiTi sheet or wire is used. The deduced three-dimensional shape of the model is projected (or unwound as far as possible) onto a two-dimensional plane to receive the required implant outline. For the wire pattern, the structure is sewn or embroidered in a textile carrier and the ends are connected by crimping sleeves. (The textile carrier is burned off in the further manufacturing process.) The grids are cut out of a NiTi sheet. Mechanical separation processes, such as milling doesn't work due to the severe machinability of NiTi. As a separating method laser micro jet is suitable (Fig. 6) . In this procedure, the grids are cut out with a laser beam, which is guided in a water jet. The sheet is cooled simultaneously by water jet and the heat input into the material is very low.
The still flat grids or wire structures must undergo a shape setting to get their patient-specific form. The grid or wire mesh is clamped between the two halves of a forming tool and then heat treated. The geometry of the forming tool is based on the CT data and hence it is manufactured specifically for the patient. A CAD construction of such a forming tool is shown in Fig. 7 . The tools are produced by rapid prototyping technology (e.g. laser beam melting) or by CNC machining (5-axis milling). Both methods are equally suitable for the production. The expenditure of time for fabrication of the forming tool (including the post-processing when milling) are within the same range for both methods. The costs of rapid prototyping are insignificantly lower than those of milling. However, the manufacturing tolerance of the 5-axis milling (± 0.1 mm) is lesser (rapid prototyping: ± 0.3 mm). Upon removal of the grid or wire mesh from the forming tool after heat treatment, the implant retains the form of the tool.
Summary and Conclusion
Orbital floor implants made from NiTi differ to conventional titanium implants in that they can be implanted compressed. How well the implants can be compressed depends on their geometry. This paper presented first geometric variants and implant patterns based on NiTi-wires and sheets. These and other variants need to be tested for their suitability and evaluated with respect to the requirement profile of the implants. Based on this assessment, the implants can be iteratively optimized until there is a final geometry, which meets all requirements. The appearance of the grid or wire mesh must also be adapted to the desired attachment mechanism. Bore holes are to be introduced into the implants for fixing by screws. For fixing by clamping of the implant to the surrounding bone, the outer contour must be designed individually. In addition to the geometrical development of the implants, the manufacturing process needs to be reconsidered in more detail. Chiefly, treatment time and temperature in the shape setting procedure must be determined and exactly defined, since the mechanical properties of NiTi are highly dependent on the heat treatment. To demonstrate the basic functionality of the implants, first practical tests must be carried out on anatomical models and human preparations.
